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WATIONAL ADVISORY COMMITTER FOR AERONAUTICS
TECHNICAL NOTE NO. 984

STRESSES AT CUT-OUTS IN SHEAR RESISTANT WEBS
AS DETERMINED BY THE PHOTOELASTIC METHEOD

By Benjamin F. Ruffner and Calvin L. Schmldt
SUMMARY

Stress concentratlon factors for shear stresses around
cut-outs in the webs of beams having shear resistant webs
were determined by the photoelastic method. Webs with cir-
cular, square, and rectangular cut-outs wers tested. The
effect of reinforcements around square and circular cut-outs
was investigated. Results indicate that square and rectan-
gular cut-outs having two sides parallel to the neutral axils
of the beam should be avolded whenever possible. OCircular
cut-outs and square cut-outs, with esides at 45° %0 the neu-
tral axis, produced lower stress concentration factors than
the other two types. ) o

INTRODUCTION

Cut-outs in shear webs occur frequently in aircraft
structures. These are often desirable as lightening holes -
in web areas not highly stregsed. In other reglions cut-outs a
are necessary for installasion of equipment. The purposs of
this investigation was to determine the most efficient shape
of cut-out and to determine the maximum stress concentration
factors induced by various cubt-onts. The photocelastic
method was used for the investigation because the region of
naximum stress and the amount of maxlimum strese is readily
determinable by this method. Values for stress concentra-
tion factors determined by this method are, however, appli-
cable only in the elastic rangse.

This investigation, conducted at Oregon State College,
was sponsored by and conducted with the financial assistance
of the National Advisory Committee for Aeronautics. T
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SYMBOLS
a length of rectangular cut-out, inches (See fig. 14.)
b height of rectangular cut-out, inches (Ses fig. 14.)
A
4,4 Inner dliameter of circular cut-out, inner width of square

cut~out, inches (See figs. 7, 12, 13, 15.)

dss effective diameter of cut-out, that is, dlameter of ecir-
cular hole of sams area as cut-out under considera-
tion, inches

d outer diameter of circular reinforcement, ouvter width of
square reinforcement, inches (See figs. 16, 17.)

h, width of metal flange on beam models, inches (See fig. 11.)
h, height of Bakelite web, inches (See fig. 11.)
k

distance between pins supporting shear-web models, inches

1 span of beams, 1inches
n fringe order
Ta lansr radius of corners on square and roctangular cut-

outs, inches (See figs. 13, 14, 15, 17.)

Teo oOuber radius of reinforcement of sqguare holes, inches
(see fig., 17.)

t3B. thickness of Bakelite web, nonreinforced models, inches

(See fig. 6.)

th thickness of Bakellite webs, nonreinforced areas, indhes
(See fig. 7.)

th thickness of reinforced section of Bakelite web, inches
(See fig. 7.)

¥y distance from neutral axis of beam,.inches (See fig. 11.)
C stress-optic coefficient, Brewsters

B modulus of elasticity, pounds per square inch

F stress concentration factor
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T moment of inertia of beam, inches*
X.,K, constants

M bending moment, inch<pounds

R radius of curvature (fig. 11)

P load, pounds

W logd, pounds

o ratio rg /h,

8 ratio d3./h,

T shear stress, pounds per square inch
g normal stress, pounds per square inch

Oy, 0z principal stresses, pounds per square inch

€ "unit tensile strain, pounds per square inch

A wavelength of monochromatic light used in polariscope,
angstrom unlts

Subscripts
B Bakelite
M metal

MODELS -~ TEST METHODS

General

Beam models were constructed with webs of Bakelite
BT 61-893 and with flanges of brass, The construction of
the models i1s described in subsequent paragraphs. The meth-~
ods used for forming and finishing the Bakelite are described
in detail in reference 1.

In order to obtain physical properties of the materials,
needed in the analysis of beam results, models 1, 2, and 5
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were used., The flanges of all models were ldentical and
were cut from the same brass sheet used for the tension btest
specimen, model 1, For the Bakelite webs two different
sheets of Bakelite sbtock were used. A calibration specimen
was cut from sach sheet,

Determination of Physical Properties of Materials

In figure 1 1s shown the tension test specimen used for
determination of the modulus of elasticity of brass. Strain
measurements were obtained by use of Huggenberger tensometers.
Results of this test are given in table I and figure 2. The
modulus of elasticity of the brass was found to be 16.55 x 108
psi. Model 2 (shown in fig. 1) was used for the tension test
of the Bakellte. Results of this test are shown in tadble II

and figure 3. The modulus of elasticity of the Bakelite was
6.72 x 105 pei.

If 0 and Oz are the principal stresses at any point
in & photocelastic model, the fringe order n, at this point,
is proportional to CT; - Oz. The constant of proportionality
is a function of the thickness of the specimen in the direc-~

tion of the light rays, the wavelength of the light used, and
the stress-optic coefficient.

The stress-optic coefficlent ©C 1is defined Dy:

¢ = nA (l)

1.752 t(oy, - Om)

For a particular model, using a fixed wavelength of light,
write: . -

g, - Oy = Kn (2)

The stress-optic coefficlent C showe some variation
in different sheets of the materlal, TFor this reason, tests
to determine € were made on models 2 and 5. Drawings of
these models are shown on figure 1. These were tested as
ginmple beams loaded =g shown in figures 4 and 5. At section
A-A of these beams the only stresses present are normal
gsbresses parallel to the sides of the beam. The shear 1is
zéro and no stress perpendicular to the beam axls is present.
Therefore, there is obtained from equation (1), since o3 = O,



NACA TN No. 984 S

=nA

o 1,752 (t5)(C)

1

= - My _
I

or

C = ~-nA I (3)
1.752 (%g)(y) M

The bending moment M was determined from the condi-
tions of loading. The moment of inertia I was calculated
from the model dimensione. The waveleungth of light A used
in these tests was 5461 angstrom units, The fringe order n
wvas plotted against distance y from the neutral axis.
Values of. y were measured from fringe photographs. Fringe
patterns for these tests are shown on photographs 6 and 74.
(See fig. 18.) The data obtained from these photographs are
shown in tables III and IV and plotted on figures 4 and 5.

Since the ratio =n/y was a constant, the value of C may be
found from eqguation (3), The stress-optic coefficient for
model 2 was 35.8 Brewsters. This value was used on models 3,
4, 9, 10, and 11, which were all cut from the same sheet.

The stress—optic coefficient for model 5 was 33.9 Brewsters.
This value was used in calculations of results obtained from
models 6 and 7, cut from the other sheet stock,

Desgcription of Beam Models

Beam models were constructed with Bakelite webs. The
same brass flanges were used for all models., In figure 6
is shown a drawing applicabdle to all models with nonrein-
forced cut-outs. Sizes and shapes of cut-outs are described
in detall in tadles and curves giving results of tests. The
modele of reinforced cut-outs were formed by cutting down
the thickness of the Bakelite sheet except in the areas used
to represent reinforcements., Drawings of reinforced cut-out
models are shown in fligures 7 and 8. '

EBach web model was tested with a number of different
cut-out sizes and shapes., The cut-outs may, however, be
separated into six different types: :

1. Nonreinforced circular cut-outs

2. Nonreinforced square cut-outs with varying fillet
radii in the corners and with various widths of squares. In
this series two sides of the squares were parallel to the
neuvtral axlis of the bean.
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3. Nonreinforced rectangular cut-outs with varying
flllet radlii, varying ratlios of width to height of rectangls,
and varying ratios of height of rectangle to depth of beam,
Two gldes of the rectangle wers parallel to the neutral axls
of the bDeam. : .

4. Nonreinforced square cut-outs with varying fillet
radli and varying ratios of width of squares to depth of
beam. The sides of the square were set at 45° to the neu-
tral axis of the bean. '

5. Reinforced circular cut-outs with constant outer
diameter of reinforcement of 0.47 times the depth of the
beam. The inner diameter of the cut-outs was varied from
0.167 to 0.375 times the depth of the beam.

6. Reinforced square cut-outs with constant inner di-
mensions. The outer width of the reinforcement dimension
was varied from 0.243 to 0.916 times the beam depth. The
sides of the square were at 45° to the neutral axis of the
bean.

Method of Loading Models

Figure 9 shows a photograph of & model set up for test.
Figure 10 is a sketch showing the geometry of the loading
gystem, The models were tested as cantilever beams with
half the load at the right end applied on the upper flange.
In order to split the vertical reaction on the left end into
two equal components, the model was held by a pin through
the lower flange and loading frame. The upper support on
the left end was & tension member. The angle 6 at which
this member was set to the horizontal was adjusted ec that
the vertical component of tension in the member was equal to
P/2. This condition was obtained (see fig. 10) by meking
tan 8 = k/21, It is believed that this arrangement of the
supports gives a more symmetrical distridbution of shear
stress in the webs than 1f no attempt were made to distribute
the loads and reactions equally betwsen the upper and lower
flanges. :

On all tests, the polariscope in the photoelastic lab-~
oratory at Oregon State College was ussd. The light source
consisted of a mercury vapor lamp. Light filters were used
so that a monochromatic light of wavelength 5461 angstrom
units illuminated the field, PFringe patterns for all tests
were recorded by means of photographs. Photographs were -
numbered in the order in which they were taken. A few typia’
cal fringe photographs used in thisg report are shown in
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flgure 19, The numbering system used on these includes four
numbers, The first is the photograph number, the second 1is
the model number, the third is the test number, and the
fourth is the load in pounds. For instance, a photograph
numbered 118~9-6~400 indicates photograph 118, model 9, test
series 6,and load of 400 pounds. A few photographs numbers
are omitted from the report for various reasons. When gev-
eral exposures of the same test condition were made, only
the clearest of these was included. Several times, photo-
sraphs were taken with the polariscope adjusted for plane
polarized light. All fringe photographs included in this
report were taken with circularly polarized light, with
quarter-wave plates crossed, unless otherwise noted. Some
photographs were taken with the quarter-wave plates set par-
allel.

RESULTS AND ANALYSIS OF TESTS

Digtribution of Shear Stress 1n Uncut Webs

In beams having relatively stiff flanges and thin webs,
it may be assumed that the shear strese in the web is con-
stant from the top to the bottom flange of the beam. In
cases, however, where the bending stiffness of the web is
appreciable, the shear stress varies with distance from the
neutral axls. In the models tested some variation of shear
stress occurs on the Bakelite web. This shear stress could
have been obtained photoelastically, but, for purposes of
definitlon of the stress concentration factor, the maximum
shear stress in the uncut web was determined by calculation.
Of interest in thie report is the maximum shear stress at
the neutral axis in the uncut web., This was used as a basis
for the computation of the stress concentration factors.
When the flanges and the web are constructed of materials of
different elastic properties, the formula for maximun shear
sbress 1s complicated somewhat. If figure 11 is referred to
for the notation, the equation for stresses in the beam mod-
els may be writtsn asg:

-MyE

O = B (4)
(Bl)grs
~MyH

(EI)eff
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wherse
(BI),pp = Bply + Byly (8)
IB moment of inertis of Bakelite webd about beam neutral
axlis

IM moment of inertia of metal flanges about beanm neutral
axle

Equation (5) is, of course, valid only for values of y

h ’ h
from (=2 - n to ks and from - (=2 . h.> to - ==,
2 1 2 2 3

2
The shear stress Tmgx 1in the Bakelite web, at the
neutral axis ig gliven by
P 2 h h L
Theg = e [EBtB ha” . 2By byh, <--3- - —l>] (7)
53(EI)grp 8 2 2

For any particular model, equation (7) may be put in the form:

Tmax = XiP (8)

In table V are shown computations of K, for the vari-

ous models tested. It should be noted that eguations (4) to
(8) are applicable only to beams constructed with a wed of
rectangular cross section, having two rectangular members
acting as flanges at the top and bottom of the beam.

Determination of Stress Concentration Factor ¥

The stress concentration factor ¥ is defined as the
ratio of the maximum shear stress, at any polnt in the webd
of a model, to the computed maximum shear stress at the neu-
tral axis for the same model with no cutwout. The maximum
shear stress at any point in & plane stressed body is given

5 - o .
by T = —i—s——é. Therefore, from equation (2):
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T =

N E |

n=KEn (9)

The constent Ky 1is, from equations (1) and (2),
- A
2 1.752(2) () ©

Since the wavelength of light N was equel to 5461 angstrom unlts
in all tests, this may be written: - —

5461 1 _ 1559

K, = =
2~ T.752(2) tp0 80 - (o)

In tuble VI are vzlues of K, computed for the various models.

The mexirmum shesr stress, in the models with cut-outs, occurred
at some point on the boundary of the cut-outs. On each fringe photo-
graph 1s marked the point of maximum she“r strese and the fringe order
at this point.

The stress concentration factor may then be written:

e
i

F= &5 - (1D

o

when n 1is the meximum fringe order on . the photograph for the test
of the cut-oult model.

Equations (8), (9), and (11) are applicable in the region vhere
Hooke's law applies. If the stress in the Bakelite exceeds the
elastic limit these are no longer valid, In &ll tests, however, the
maximum fringe order n gaove stresses belor the elastic 1limit of
the meteriel used, :

Definition of Efffective Diameter of Cut-Cuts

In order to compare the stress concentration factors for the
various cut-outs, the effective diameter d;, 1s e
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introduced. This ie the diameter of & circular cut-out of
the same aresz as the cut-out under consideration. For rsc-
tangular cut-outs,this is:

/44 _ 5
dye =/ 22 = 1.128/4 = 1.128,/ad - 0.8584 r_ (12)

For square holes ab = di?; go equation (12) becomes:

3 2 '
dyo = 1.128A/di - 0.8584 r, (18)

For circular holes 3o = 4.

Wherever possible, results of teste were plotted in non-
dimensional form. The factor T 1i1g nondimensional. Dimen-
sions of cubt-outs were divided by the heilght of the web hg

to put these in nondimensional form. The ratio dyg/h, is
denoted by B. o

Tests of Nonreinforced Circular Cut-Oubts

A large number of tests of circular cut-outs were made.
These were used to esbtablish the curve of stress concentra-
tion factor against ratio of diameter to depth of web. The
plot of these in figure 12 also glves an indication of the
accuracy of the test mebhods if the dispersion of the points
is considered. The fringe order n was obtained for each
Yest by ccunting the fringes as they appeared during loading.
In soms cases fringes are so close togebher near the region
of maximum fringe order that examination of the fringe pho-~
tograghs under a microscope was necessary to determine n.

In general, the results are accurate to within plus or minus
one fringe order, 1In a few casges, owing %0 residual optical
effects orn the edge of the cut-outs, the value of n may be
in error as much as two fringes. However, if the model
shows no "edge effects" (reference 3) in the unloaded condi-
tlon, the value of n may be determined to a fraction of a
fringe order. It is believed that this curve as drawn in
figure 12 represents the stress concentration factors within
an error of 3 percent at any polnt.

In table VII and figure 12 are given the results of the
nonreinforced circular cut-out tests. Timoshenko (reference
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2) gives the theoretical solutlon for the stress concentra-
tion factor for a circular hole in an infinite plate under
uniform shear. This indicates that F = 2.0 at the point
of maximum stress. The curve of figure 12 shows that as the
diameter of the circular cut-out approaches zero the stress
concentration factor approaches the theoretical value.

At the smaller values of B 1t 1s belisved that re-~
sults shown on figure 12 are quite accurate. A% higher B wval-
ues the results may be influenced to some extent by the silze
and shape of the flange members. However, for these large
cut-outs, the factors as given should be safe for use in de-
slgn.

The reglion of highest stress, at the circular cut-out
boundaries, ocecurred in all teste at points approximately
450 from the neutral axis of the beam. If stresses due only
to shear and none due to bending were present, the fringe
patterns would be symmetrical about the vertlcal axis through
the center of the circular cut-out. Owing, however, to the
presence of some stress in the web due to bending, this was
not the case. For thls reason, stress concentration factors
given here are probadbly slightly conservative for pure shear
webs., Even for large cut-outs, however, such as shown on
photograph 152, the fringe pattern is very nearly symmetrical.
Therefore, the degree of error in the stress concentration
factor from this cause should bds small,

In order to investigate the effect, if any, of the depth-
span ratio of the web, model 9 was constructed with a webd
deeper than that used on other models. The results of thils
test plot quite well on the faired curve. This indicates
that the results obtained for stress concentration factors
are dependent on B Dbut not, at least in the regions tested,
on the ratlio of hz to the span of beam. It 1s believed
that this 1s sufficient experimental verlfication to Jjustify
the use of %the curve plotted in figure 12.

In order to obtain an empirical formula to represent the
curve of figure 12, i% wes agsumed that this could be repre-
sented by a cubic of the form:

F =a, + a,;B & aaﬁz + asﬁs (14)

A least square analysis of the faired curve was used to de-
termine the values of the constant, ag, &3, &z, and aj,

The following empirical formula, thus determined:



NACA TN No. 984 12
T = 2,000 + 4.214 B - 3.46 % + 12.5 g3 (15)

gives a good approximation to the faired curve in the region
from B = 0 %0 B = 0.7.

Tests of Nonreinforced Square Cut-Outs with Sides of
Squares Parallel to Neutral Axes of Beams

In these tests the stress was found to be highest at the
corners of the squares. The stress concentration factor was

determined to be a function of a = %ﬁ, as well as B = %}2.
2 2

A square hole with o = %B 1s identical to a circular hols

of radius Ta- The results of this series of tests are gilven
in table VIII and figure 13. Since the curves of figure 13

are plotted against B = %%2, cut-outs of the same area are
2

all found on the same vertical lines. The straight lines rep-
resenting stress concentration factors for the square holes
with constant values of o were first plotted for values of
o as tested. It was then found that thess straight lines
would fair the data quite well if all were drawn from the same
point F = -8.84 and B = -0.594. A series of strailght lines
for various valuss of o« were then plotted. An empirical
formula representing the slope of these lines was found by a
least square analysis. This is; -

aF 2
35 = 18.22 - 42.85 a + 8l.6 (16)
When equation (16) was combined with equation (15), the fol-

lowing empirical equation for the stress concentration fac-
tor F as a function of o and B was obtained:

F = 2,000 - 28,012 ¢ + 71.86 a® - 63.2 o3

+ (18.22 - 42.85 o + 81.6 «2)B (17)
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Thig formula is accurats in the region B = 2 o to

B = 0.50. It can be used with fair accuracy for values of

B up to 0,600 but should not be trusted to give correct val-
weg of F® for B greater than 0.6. This is an empirical
formule based on experimental results in the reglion B = 0

to B = 0.5 and has no rational basis that Justifies its use
for the larger values of PB. While equation (17) may give
accurate values at higher values of B, no experimental evi-
dence in this study is avallable to prove this.

The results of these tests indlcate that, wherever pos-
sible, the use of square holss, with two sides parallel to
the neutral axis of the beam, gshould be avoided.

Tegsts of Nonreinforced Rectangular Cut-Cuts

The results of rectangular cut-out tests are given iIn
table IX and figure 14. These jndicate that, when the height
of cut-out b 1s large, the stress concentration factor in-
ereases more rapidly with B than at the smaller values of D.

In figure 14 the slopes of these stress concentration

curves are plotted against ¥ for % = 1.0. An approximate

expression for thls is:

4F

" = ~-1.26 + 0,79 F(a/b)= 1.0 (18)

o'|®

The étress concentration factor is then:
. a
F - 1.26 + 0.21 F(a/b)=1 + <0.79 F(a/b):l - 1.Zé>,g (19)

where F(a/b)=1.o 18 the stress concentration factor for the

a
gsquare cut-out with Ei = ﬁL and with o the same as for
2 2

the rectangular cut-out. This empirical formula filts the
test data with good accuracy. On flgure 14 faired test
curves and plots of equation (19) are shown for comparison.

In these tests stress concentration factors wers high,
indicating that rectangular cut-outs should be avoided



NACA TN No. 984 14

whenever possible. No tests were made with a/b ratios less
than 1.0, It appears reasonable to expect, however, that the
empirical formula (equation (19)) will be applicadle at a/d
ratios of somewhat less than 1.0.

Tests of Nonreinforced Square Cut-Outs with Sides of
Squares at 45° to Beam Flanges

Since, in the circular cut-out tests, the maximum stress
occurred at polnts 45° from the diameter parallel to the beanm
flanges, 1t appesared desirable to test cubt~outs with the ra-
dius increased at thase points. This was accomplished by
making square cut-~outs azs illustrated on figure 15. The re-

sults of these tests are given in table X and figure 15. The

correr radlus ratlo o was used as abscissa and values of B
were used as parameters for plotting these resultse. It 1is
interesting to note here that small radil in the corners are
deslirable for small ratios of 8. The photogravhs of the
fringe patterns for these tests show that the maximum stress
does not occur at the corners but at points on the sides of
the squares near the corners, An examinatlion of these photo-
graphs also shows that areas of high stress are relatively
small as compared to areas of high stress on circular cut-
outs 2nd square cut-outs having two sides parallel to beam
neutral axis, oo

The curves of figure 15 are the result of cross plots.
First, T was plotted against B for constant values of o
and the sxperimental results faired. Thess curves werse then
replotted with B as parametsr and o as absclssa. The
experimental points, with corresponding photograph numbers,
are marked on the curves for comparison with table X and
fringe photographs.

Tests of Reinforeed Circular Cut-Outs

Results of tests of reinforced cut-outs are shown in
table XI and figure 16. In this series the reinforcement
was also circular. The outer diameter of the reinforcement
was kept constant at a d,/h, ratio of 0.470. The inner
diameter was varied from 0.187 to 0.375 hy. The reinforce-—
ments, 1f fully effective, might bBe expected to reduce the
stress concentration factor at the edge of the hole inversely

as the ratio of the thickness of the reinforced area to the
thickness of the nonreinforced web. This, however, is not
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the case, as an examination of figure 16 will show. The max-
imum stress concentration factor in the reinforced sections
averages approximately 20 percent higher than if the reiln-
forcement were fully effective. It 1s of interest that a
falrly narrow reinforcement appears to be as effective in the
relnforced sectlion as a fairly wide reinforcement. Since the
maximum stress occurs on a relatively swall area of %the
boundary of the cut-out, the reinforcement of this area ap-
pears to be the most important factor in reducing the maxi-
mum shear stress at the hole boundary. In practice, the pur-
pose of this reinforeement would be to lncrease the stiffnesas
around the cut-out as well as to decrease the stress concen-
tration factor. Larger reinforcements might be advisable for
that purpose. It is possible that the maximum stressee may
be in the sheet at the boundary of the reinforcement rather
than at the edge of the hole.

Tests of Reinforced Square Cut-Outs with Sides of

Squares at 45° to Beam Neutral Axes

In this series the inner dimensions of the cut-out were
kept constent and the outer dimensions of the reinforcement
were reduced in Iincrements. The results of these tests are
glven 1in table XII and figure 17.

In figure 15 the value of F for B = 0.196 and
@ = 0.031 1s 3.00. If the relnforcement were fully effec-
tive, the stress concentration factor for the reinforced cut-
out would be:

tB8
— (3.00) = 2:133 (5 50) = 1.28
tr, 0.310

The curve of figure 17 approaches this value as d,/h;

approaches 1.0, On these models the reinforcements act as
beams in bending. The beam action of the reinforcements is’
appareant upon examination of photographs 144, 149, and 150.
These beams may be considered to transmit the principal
stresses 0y &and Oz, in the webs, around the cut-out by

shear force in the beans.

From figure 17 it appears that an economical reinforce-
ment for such diagonal square holes would have a width equal
to approximately half the width of the side of the square.
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The thickness of this could be such that the maximum shear
stress at the reinforced section is equal to or less than
that in the uncut webdb.

CONCLUSIONS
]

The stress concentration factors determined from photo-
elastlc test give a basis for design of lightening holes and
cubt-outs 1in shear-resistant webs. TFor webs in which allow-
able stressegs are determined by critical buckling stresses,
the stress concentration factors can be used as a gulds. In
that case, regions where buckling is liable to occur are in-
dicated by high stress. These reglons may then be gtiffened
to prevent this. The empirical formulas derived are sug- o
gested for design use in the range of parameters for which
they were determined.

It 1s believed that the stress concentration factors
obtained are accurate within 5 percent as long as the maxl-
mum stresses are withln the elastic range. Wnere yield of
the material in the region of high stress occurs, the
stresses will probably be redistributed so that the stress
concentration factors glven here will be conservative. If
buckling of the web in the region of the cut-outs occurs, a
redlistribution of stress also will occur. If this happens,
however, the edges of the cut-out should be rsinforced %o
prevent collapse of the wad in this region. '

The effect of web cut-outs on the effective stiffness
of the beam as a whole cannot be determined photoslastically.
However, from a study of the fringe photographs,the extent
of highly stressed areas may be observed. If a large aresa
around the cut-out is highly stressed, the deformation of
the web will be higher than if only small areas around the
cut-outs are highly stressed. By this reasoning, the fol-
lowilng tentative conclueions as to the effect of wed cut-
outs on the stiffness of the beam may be drawn:

1. Squere and rectangular cubt-outs, having two sides
parallel to the neutral axis, not only showed high stress
concentrations at the corners, but large areas in the vicin-
ity of the cut-outs were also highly stressed. It appears
from this that the stiffness of the beam as a whole would be
considerably diminished if such cut-outs were ussed. '

2. Circular cut-oute, and square cut-outs with sides of
squares alb 45° to0 the neutral axis, not only showed lower
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stress concentration factors at the edges of the cut-out,
but the areas of high stress were considerably smaller.
This indicates that the reduction in beam stiffness was less

than for the other types.

The stress concenbtration factoreg were based on values
of maximum shear strees in the uncut web, calculated accord-
ing to conventional methods. The results of tests should be
appllied as follows: S

l. The shear stress in the uncut wed should be computed
by . conventional methods.

2. By use of the empirical formulas or curves given in
this report, the stress concentration factor F shounld be

determined.

3. The maximum shear stress may then be obtained by
multiplying T by the calculated value of shesar stress ob-

talned for the uncut webd.

If reinforcements are used only to reducs the value of
the maxlimum stress at the edge of the cut-out, the results
indicate that the consideration of the following will lead
to more efficient use of material:

1. The width, in the plane of the web, of the reinforce-
ment need not be greater than approximately half the width of
the cut-out. Wider reinforcements do not cause appreciable
reductions in the stress concentration at the edge of the
cut-out.

2. A thickness of reinforcing sheet about 20 percent
greater than the stress concentration factor times the web
thickness will reduce the maximum stress to a value approach-
ing that in the uncut web.

If the reinforcing material is used to restore stiffness
to the beam as well as to reduce the local stregses, the
thickness of the reinforcing material will probably be deter-
mined from consideration of stress concentration; whereas
the width of reinforcing material mey be determined by con-
slderations of stiffness.

Oregon State College,
Corvallis, Oregon, August 27, 1944.
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TAREE I

DATA FROM TENSION TEST OF MODEL NO. 1.

(Brasa

)

TAHIE I1

DATA FROM TENSION TEST OF MODEL NO. 2.
(Bakelite BT &1L-293)

Yensile Stress ¢

Tensile Strain €

Tensile Stress G~

Tensile Strain €

T4
1585
2380
310
3965
4755
5550
6345

7930

0.000032
000076
000122
000168
000211
.000261

. «000312
000362
000412
+000498

(£
146
249
292
365
438
511
584
657
438
292
ub

0,000103
.000198
000298
+000404
000516
.000618
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NACA TN No. 984

DATA FROM CALIBRATION TEST OF MODEL NO. 2.

TABLE TII

Fringe Order n Distance from Zero Fringe
- 9.9 (Top edge) 0.253
- 9.0 .231
- 800 .203
- 7‘0 .1'76
- 6.0 151
- 5.0 0125
- 4.0 0099
- 3.0 00'75
- 2.0 <049
- 1.0 024

0.0 000
1.0 el 0025
2.0 - 0050
3.0 - 075
4.0 - .100
5.0 - .123
6-0 - 014-7
700 - 0171
8.0 - '195
9.0 - .219
10.0 - .242
10.2 (Bottom edge} - o254
TABIE IV

DATA FROM CALIBRATION TEST OF MOIEL NO. 5.

Fringe Order n

Distance from Zero Fringe

-10.0
- 9.0
- 800
- 700
- 600
- 5.0
- 4.0

(Top edge)

(Bottom edge)

0.243
.218
2197
o166
o145
119
«095
073
<047
024,
.000
.023
<047
067
«093
<116
L1140
.161
.183
<207
232
245

30



X, = 16.55%10°%, t, 0235, b = 0.50;" 2, = 672,000
1 2 |3 4 5 6 V] 8 9 10 1 2 |13 Y 15
' ' 2 W}
Model | by | By | T | Ty | | Bl | %D | Bte | EMP| 33 mmﬂ)hg)*ﬁ%ﬂeﬁ 5
%108 [x107 | x10® |x0¢ [xw® xw?®  [x10¢ |y
3 |0.269 (2099 [0.598 [ 0388 0us02 | 6u42 | 682 | 0202 | 20042 1.5 | 2.55 | 2.752 [1.835 [1.408
5 | 275|297 | o8] 83| w08 | 634 | 6 204 | 2.082| L35 | 2.3 | 2oma 1855 |14
6 | 283 [3.00 | 37| .390| 428 | 6.46 | 6.9 L | 2,062 1.250 | 256 | .77 (1.950 |1.423
7 | om0 | 62| o392] 419 | 68 | 6.90 a0d | 2042 1255 | 2. | 2.7 (1000 [1.485
9 ] .265 | 548 |3.640 | 1.536] 24442 | 25,42 |27.86 o0 | 2.042] 2400 | 530 | 570 |79 | om
10 | a2 [2.00 [ 28| .392] 287 | 64 | 667 O | 2,082 1.255 | 257 | 2,66 | 98 |3.320
-1 | .19 |3.00 | w300 | .300| 200 | 6ess | e.66 am | 2.042| 1250 | 2.5 | 2.6 | .885 |3.000 -
TARR VI
COMPURATIONS (F K,
" Nodsl Mo, ty ¢ .C K
3 0.269 35.8 9464 161.5
4 275 35.8 9.85 158.2
6 .23 33.9 9.60 163.0
] 2% 3.9 9.26 168,0
9 265 35.8 9.48 165.0
10 259 35.8 " 9427 168.0
1 .310 35.8 11.09 24043
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FESULTS OF TESTS FOR ¥ ON HOMEEINFCRCED

TAHIE VI

CIRCULAR CUT-OTTS

- Y. P
Photo Yodal Tent Ioad t d,=4d n T P ¥
ot opatl Bl e * B | %% | B L max 5 g
9 3 1 250 | 2.99 |o0.269 | 0225 | o.d2 | 1&.5| 50 | s 1,498 | 374 ] 2416
12 3 1 125 299 o209 «250 084 161.5| 3.0 AB4 .98 187 2.58
13 3 1 260 2.99 29 «250 <084 161L.5| 5.2 840 1.498 389 2.16
17 3 1 250 2.99 «269 <406 236 161.5| 6.7 1082 1.49¢ 3% 2.89
20 3 1 150 | 2.99 «260 + 500 157 1615 | 442 678 1.498 251 3.00
2, 3 1 250 | 290 | .260 | %00 A87 | 16L5| 6.5 | 1050 1.458 | 3| 2.
25 3 1 250 | 2,99 | 260 | 600 200 | 18L5| 9l | 1148 1.498 | 3% | 3.06
2% 3 1 250 2.99 240 +600 +200 16,51 7. 1145 1.498 37 3.
28 3 1 150 2.99 20 &7 «293 161.5] 4.8 15 1.498 225 3.L5‘
29 3 1 260 2.99 250 875 «293 16.5| 8.0 1290 1.498 989 | 3.
0 3 1 20 | 2.99 +269 »875 «293 16L.5| 8.0 120 1.498 389 | 332
B 3. 1 250 | 2.9 +269 | 1.000 +134 161.5]| 8.3 1340 1.498 3% | 3.3
34 3 1 25 | 2499 «269 | 1.000 #2334 161.5( 8.3 1340 1.498 34| 3.59
” 3 1l 2% | 2.9 200 | Ll.125 +3% 161.5] 8.7 1408 1.498 3% | 3.7
k] 3 1 25 | 2.99 260 | 1125 376 16.5] 8.7 1503 1.498 3% | 35
40 3 1 150 59 269 1.250 «41B 161.5| 5.8 94h 1.498 225 4
4 3 1 2% | 2.9 289 [ L250 «418 161.5| 9.0 1452 1.498 %] 3.8
2 3 1 2% | 2.9 | 269 | 1230 418 | 1615 9.0 | w5 1408 | | 3.8
43 3 1 925 | 2.9 | .269 | 2.2% 418 | 16450115 | 18 1498 | 287 | 3.a
&4 3 1 400 2.99 269 1.250 418 161.58 | 15.1 278 1.498 208 | 3.6
a 6 3 00 | 3,00 [0.283 | 0,250 0,03 | 163 | 6.0 | 9w | 1423 | 427 | 2.9
43 6 3 300 3.00 | .23 »500 o567 | 163 8.2 1335 1.43 421 | 3.3
86 6 3 300 3.0 o243 750 «250 | 163 9.8 '] 1%8 1.423 RT | 3%
9 6 3 300 3.00 | 283 | 1.060 <354 | 163 1.0 182 L.423 427 | L0
98 T 4 300 3.00 | 2% 250 4083 | 168 65 1092 L.455 47 | 2.5
100 7 4 . 300 3,01 27, «500 166 168 7.0 175 1.455 437 2.69
103 7 4 300 900 | 2% <750 249 | 168 9.9 1662 1.455 437 | 3.8
107 7 4 0 3.00 2% | 1.0 «356 | 168 0.5 1765 1.455 A7 | 4.00
116 9 - 6 400 548 | .26% +250 046 | 165 3.6 50 780 {150
ny 9 6 £00 548 | «265 +530 097 | 165 48 92 780 312 | .54
118 9 6 400 5.48 1 .265 790 A4k | 165 547 941 7780 N2 | 3.02
119 9 b 400 5.48 | .265 | 1,100 00 | 165 542 858 <780 2 A
120 9 6 400 5.48 265 | 1.250 2228 | 165 543 87 <780 322 | 480
1 9 | & W | 548 | 265 | 1.500 2% | 185 | 60| 0 g0 | ;2 | 3.a7
122 9 6 400 5.48 | W265 | 1.750 319 | 165 6.6 | 1082 780 12 ] 348
13 9 - 6 4m 5048 -265 2,000 -365 165 6-'7 . 1305 -'m 312 Je55
125 9 6 400 5.48 o265 2,510 458 165 8.0 179 «'780 32 | kR
18 9 . [ 400 5.48 | .265 | 3.000 «547 | 165 10.0, 1650 «"780 312 | 5.8
15 9 , | 8 40 | s.u3 | .265.| 3.8%0 697 | 165 [ 1.5 | 230 80 | 32 | .67
152 9 6 400 5.48 | 2653 | 44030 735 | 165 16,5 2720 780 e | &R
153 7 4 300 3,01 | .27 | l.520 2505 | 168 12,5 2100 1.455 837 | 4
154 7 4 300 3,01 | 2% | L0 585 | 168 13.% 2300 L.455 437 | 5.2
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TAHLE VITI

EESULTS OF TRSTH FOR F ON NORNEINFORCED SQUARE CUY-OUES
SIEes OF OUT-OUTS PARALIEL TO BEAM FLARES

d r
in.

Photo | Nodel | Test| Yoad ] r d, o) n

46 4 ‘2 200 | 2,97 | 0.275 | 0,328 | 0,000 0,370 | 0,125 |0.000 | 158 | 12,0 | 1800 | 1.475 | 443 | 4.26
55 4 2 300 | 2,97 | 275 | o520 25| 5% | 93 | 042 | 158 | 12,0 | 1890 | L.475 | 443 | 4a23
59 4 2 300 | 2.07 1 275 | .790| .250] LB40 | 282 | L0f4 | 158 | 11,7 | 1850 | 1.4%5 | 449 | 4.27
60 4 2 300 ) 2.97 | 298 | .70 L2500 840 | .22 | 084 | 158 | 136 | 1830 | 1.475 | 449 | .22
6L 4 2 300 | 2,97 | 275 | 90| JAR5| 87 | <295 | (042 | 158 | 16,5 | 2000 | L.475 | 443 | 5.88
&2 4 2 300 | 297 | 25| w0l 225 . +295 | 042 | 158 ) 16,5 | 2600 | 1.475 | 443 | 5.88
& 4 2 200 | 297 | .25 | 0| 063 .887 | .299 | .02 | 158 | 18,0 | 2840 | %475 | 443 | 6.42
64 4 2 300 | 2.97 | 25| .m0 o 287 | 2200 | 0T | 158 | 18.0 | 240 | L4575 | 443 | 642
82 6 3 300 | 3,00 | 283 | .250| .063| .276 | 002 | .020 | 163 | 8.3 | 1352 | 1423 | 427 | 3.16
B4 6 3 300 | 3,00 | .283 | 00| .125| .550 | 283 | 042 ) 163 | 11.0 | 1790 | L.423 | 427 | 4.39
85 6 3 300 | 3.00 | 203 | «500) J063]| . J87 | o1 | 163 | 12.3 | 2005 | 1.423 | 427 | 4.
a7 6 3 300 | 3.00 | 283 | .70 .250] 802 | .267 | o083 | 163 | 12.0 | 1955 | 1423 | 427 | 4.57
a8 6 3 200 | 3.00 | .283 | .760| 225 .847 | .22 | L0422 | 263 [ 15.5 | 2530 | L.423 | 427 | 5.92
89 6 3 300 | 3.00 | .283 | J765) L063] .858 | .286 | 0L ]| 163 | 17.0 | 270 | L.423 | 427 | 648
92 & 3 300 | 3,00 | 283 | 1.060 | .375[ 1128 | 376 | 125 ) 163 | 13.0 | 2120 | 1.423 | 427 | 4.96
7] 6 3 300 | 9,00 | 2683 | 1.080 | 250] 1089 | ,396 | (083 | 163 | 15.5 | 2530 | 1423 | 427 | 5.92
94 6 3 300 | 3.00 | .23 [1.000]| J125]2.220 | 406 | .02 | 163 | 20.5 | 3320 | 1.423 | 427 | 7.82
95 6 3 200 | 3,00 | .283 | 1.090| L0637 2.228 | 409 | .02L | 163 | 15.5 | 2525 | 1.4273 | 285 | 8.89
96 6 3 200 | 3.00 | .283 | 1.090 ) .063|1.228 | 400 | .02L | 283 | 23.0 | 3750 | 1.423 | 427 | .78

TARIE IX
HESULTS OF TESTS FOR F (N FONREINFORCED RECTANGULAR CUY-0UTS, ,
IeS OF CUT-OUTS PABATIEL, 70 BEAM FLARGES .
Photo | Model | Tast s | |z |4, SagdTe,.la | Bln [Tl B |we) ?
Yo | “or | 2o 2 | % o BN, b | By

BH

MNP LDRORED | W
| EBEBEBERERE |~}

FIEFSTEIL
PN A R

2.97 | 0.275 | 0.328 | 0.328|0,000| 0.370 | 0,125 j 0.000|1.00|0.110 | 158 | 12,0| 1800 | 1.475
2,971 275 388 | .328] .000] 402 | .135] .000|1.15| .110| 158 | 13.0| 2050 | L.475
2,07 215 .500 | .328| 0000 .456| .153 | .000{1.52| L110] 158 ] 15.0 | 23| 1.475
2.97| 25| 520 .520] 125 o574 <293 | .042[1.00] .175) 158 | 12.0| 1885] 1.475
2,97 275 0| 540 J25) 05| 371 .042|1.39] L162) 158 | 14.0| 2200 1.475
2.97] 211 90| Jm0| 125 B9 | 295] .042|1.00] .266] 158 | 16.5] 26101 1.475
2-97 .2’5 .'m l'm -mB .M -2% .021 1.m 02% 158 18.0 m 1-4?5
2,971 275 |1.000 | .820] Ja2s5l1.000| 320 ] .042|1.22| .276] 158 | 18.0] 2850 | 1.475
2.97 | o275 |2.000 | .830| 063|1.025 [ .345 | ~020{2.21| 279 | 158 | 20.5| 3240 | L.475
2.97 | 27511250 | .8m0| 12510169 | 393 | J042]1.44] 293 ) 158 | 20,0| 3160 1.475
2,97 | 275 |1.20 | .880 .063£.190 401 | .021]1.44F .206] 158 | 19,0 3000 2475

sEEEEEEEEES
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RESULTS OF TESTS FOR ¥ ON NONREINFORCED

TARLE X

SQUARE CUT-OUTS, SIDES OF COT-OUTS
45° T0 BRAM FLANGES

’ : d r
ia ¢
Photo | Model | Test | Lead a r d 280 Lrgl r T P| F
toto |Medel | Tomt | Toad | hy | by | & | %o | 4 | pUA BT K wx| B | B
99 7 4 | 300 | 3.01 | 0.27 | 0.250 |0.063 | 0.275 |0.091 |0.021 | 148 5.8 | 975 | 1.455 | 437]2.23
101 7 4 1300 | 3.0L | .29 ] .500| .125 | .548 | .182 | .042 | 168 8,0 | 1345| L.455 | 437|3.08
104 Vi 4 300 3.01 U | 750 ) 250 802 | 267 083 | 168 9.0 | 1502 1u455 | 437 | 3.47
105 7 4 4 | 300 3,00 | 2741 760 | .125 | .847 | .281 | 042 | 168 9.5 | 1597 [ 1455 | 437 | 3.65
106 7 4 300 | 3.00 | 2% | 70 063 | .864 | .287) 021 | 168 9.2 | 1545 | 1.455 | 437{3.54
108 7 4 1300 | 3.00 ) 2% J 100 375 238 | @] 325 | 168 | 10.7 | 108 ) 1.455 | 437 4.12
109 7 4 1300 | 3.00 | .27 {1,080 .250 {1192 | .396 | .083 | 168 | 11.5 | 2932|2.455 | 437! 4.43
110 i 4 1300 | 3.00 | 27 | 1.000 [ .125 {1,222 | 406 | J042 | 168 | 12,0 | 2015 1.455 | 437 |4.60
111, 7 | 4 ]300 | 3.00 ) .27 | 1.000 | 063 |1.227 | o207 | 020 | 168 | 12,2 | 2050 | 1.455 | 437 | 4.69
TARLE XT
RESULTS OF TESTS FOR ¥ ON HEINFORCED
d
CTRCULAR CUT-OUTS. (h—:-=o.470)
Pho %
to | Model | Test | Ioad | R n T . K,P ¥
No. ¥o. | No. ) 2 *n E: 4 R, g I !
132 0 | 7 15 | 3.00 | 0,220 J0.259 | 0,500 {0.67 | 168 | 4.6 R | 332 | a8 | L
133 10 7 150 | 3.00 20 | .259 .625 | ,200 | 168 49 822 | 332 | 498 | 1.85
134 10 7 150 | 3.00 J20 | 259 750 | 250 | 168 5a2 8% (332 | 498 | 1.75
135 10 7 150 | 3,00 J20 | L259 475 | 201 | 168 5.5 92/, | 332 | 498 | 1.85
134 10 7 156 3.00 <120 +259 1.000 «333 148 5.7 957 332 498 1.92
137 10 7 150 | 3.00 220 | W2% | 1325 | 375 | 168 5.8 975 | 332 | 498 | 1.96
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TABIE XTT

RESULTS OF TESTS FOR F ON REINFORCED SQUARE CUT-OUYS.

SIDES OF CUT-OUTS 45° TO HEAM FLANGES

Photo [¥odel | Test|Tosd | By | b | & d a |z d Q&Jiﬁm% 5, (2T gixe|F
Mo, | No. | Wou| P B | R 1 af’e ie (hg | By | By max

@8 |1 | 8 | 175 | 3.00]0.133(0.310 [0.53 | 2.75 [0.94 ]0.587 |0.296/0.094 |0.916 |140.2 |4.8 | 672 |3.00] 525 | 1.280
o |1 | 8 | 175 | 3.00] .133] 300 [ .53 | 2.20 | 94 | .527 | J206| .004 | 734 |14D.2 |4.8| 672 |3,00] 525 | 1.280
1|1 | e {175 | 3,00 J33] 310 .53 {173 94 | 4587 | 196] .094 | .576 |140.2 |5.1 | 715 |3.00( 525 [1.360
12 |1 |8 | 175 | 3.00] J133[ 300 | .53 [ 1.25| .94 | .587 | .196] .094 | 417 [140.2 |5.3 | 743 [3.00] 525 |1.218
L3 |11 | 8 | 175 |3.00] .133] 2300 | 53 | 1.00 | W94 | .587 | 196 .094 | 4333 |140.2 | 5.6 | 785 [3.00] 525 | 1.495
14-4 11 8 175 B.m -133 .310 I53 l‘B .94 !58? .196 tm -243 14002 6.‘ @7 3.“) ?5 l-m
Lo |11 18 |20 |3.00( .33 .310( 531 B 94 | .587 [ 196 094 | 243 {140.2 7.5 | 1052 |3.00( 600 [1.753
10 |11 | 8 | 225 {3.00] 33| .30 53| B3| 94 | .587 | .196| .094 | .243 {140.2 8.5 | 3192 |3.00] 675 [ 1.785

8¢ ‘oN HI YOvM
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MODEL NO. |
BRASS TENSION SPECIMEN .

|o"—-| - 0.15'7

|-——uc" 37"
i
._ \ | f
l\_ Nl
o fr 0.255' Jo)  orzas{ |-
MODEL NO. 2
BAKELITE BT 61-893
5,— {o ﬁ{n—\ 0507
. d
~ osd} 55" osdl o027~ |-
MODEL NO. 5
BAKELITE BT 61-893
a4848-,
v
65" - o288’ |

Figure 1.~ Models 1, 3 and 5.
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NACA TN No. 984

Fig. 2
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Figure 2.- Stress-strain curve of brass.



NACA TN No. 984 | Fg. 5

70 77@

o
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N

60| 60

TN
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/
30 3.0
20] ,/ 4o 20
/] |E= 3%- = 672,000 LB/SQ. IN.
1.0} "4 10
i:
/
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o) 2 - 4 6 8 10

€ x 10% IN/IN.

Fig-ure 3.- Stress-strain of bakelite.



FRINGE ORDER nh AT SECTION A-A

NACA TN No. 984 Fig. 4
F----Ied'r'rom EDGE TOP EDGE5--H
10 hN=10.2 10
8 : 8
|
6 R W=7%0 LB 6
4 | ' 4
2 ' 2
o ‘X\ o
-2 } N ! 2
i
-4 'l FOR FRINGE PATTERN b 4
- 6l SEE_PHOTO NO.6-2-1-75 6
- 8} 8
-10 a3 0
-03 -0.2 -Ql 00 0.l 0.2 03
DISTANCE FROM ZERO FRINGE
W A W
2 { 2
[.0 —=f=—o1|.0-
|
2.0- 20"
w ! W
2 A .2

LOADING DIAGRAM FOR MODEL NO. 2

Figure 4.- Oalibration test of model No. 3.



FRINGE ORDER n AT SECTION A-A

NAOA TN No. 984 ' Fig. &

'BOTTOM EDGE TOP . EDGE

o

®© O A M O NM D O ®

l.._- -
-1 = |0,
| O i
|
8
W= 750 LB
|
| [
2 ! 1
O—— i
- |
-4 FOR FRINGE PATTERN
. SEE PHOTO NO. 74-5%-2-75
-6 ,
|
- 8 1
- (o) |ﬂ=l°-°f LN :

-03 -02 -0l 00 Ol 0.2 0.3
DISTANCE FROM ZERO FRINGE | |

A
b3 i ¥
10" ér 10"
-1
|
|
20- -l 20"
: |
|
¥ A ¥

LOADING DIAGRAM FOR MODEL NO. 5
Figure 5.~ Qalibration test of model No. 5.



Figure 6.— Models No. 3, 4, 6, 7 and 9.
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IMODEL NO. s | NOTE+ CUT-OUT DIMENSIONS
3 0269 SHOWN ON FIGURES
4 0275 AND TABLES.
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MODEL NO. 10 e
A &
— y - .
. o) ' 0
o © | o o | 3
- - BAKELITE
BT 61- 893
5.
o
~
| tg2=0259——ixg--
—_ " lgy =0120
| 1=
1 O 0 o) 0 o |
| . 4
3s" JIZA 30" ! SECTION A=A

BRASS FLANGES SAME AS SHOWN ON FIGURE 6.

Figure 7.- Model No. 10.
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Fig. 8

NACA TN No. 984
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NAGA TN No. 984 Fig. ©

Figure 9.- Photograph of model set up for test.
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Figure 10.- Geometry of loading frame supports.
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Figure 11,- Beam notation.
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STRESS CONCENTRATION FACTOR — F

NACA TN No. 984 Fig. 13
80 180
70k ] I 7.0

[] ? /
6.0} 60
V.
4
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50} “ 150
40 N 40
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30 ol ole 30
20 ‘/T: . +-MODEL NO. 3 20

[ : o -MODEL NO. 6

a-MODEL NO.7
1.0 s -MODEL NO. § 1.0

E
% | ol 02 03 04 05 06 0'3

Figure 12.- Stress concentration factors for nonreinforced
circular ocut-outs. -



' NAGA TN No. 984 Fig. 13
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Figure 13.~ Stress concentration factors for nonreinforced
square ocut-outs. Two sides of rectangles
parallel to beam flanges.
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Figure l4.- Stress concentration factors for nonrelnforced rectangular
. cut-outs. Two sides of rectangles parallel to beam flanges.
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Figure 15.- Stress concentration faotors for nonrsinforced square
cut-outs. Two sides of square 45° +o beam flanges.
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Figure 16.- Stress concentration factors for reinforced
circular cut-outs.
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Figure 17.- Stress concentration factors for reinforced square
cut-outes. Sides of squares 45° to flanges.
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Figure 18.- Fringe patterns for bending tests.
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Figure 19.- Concluded.



